Large-scale epidemiological studies have revealed a strong association between hypertriglyceridemia and coronary arteriosclerotic disease. However, there are conflicting reports whether the severe hypertriglyceridemia caused by lipoprotein lipase (LPL) deficiency is pro-or antiatherogenic. To determine the effect of LPL deficiency on atherosclerosis, we pursued long-term observation of the development of atherosclerotic lesions in an LPL gene deficient mouse model. At 4 months of age, homozygous LPL-deficient mice exhibited severe hypertriglyceridemia but no signs of aortic atherosclerotic lesions. At Ͼ15 months of age, these mice developed foam cell-rich atherosclerotic lesions at the aortic root, whereas wild-type and heterozygous mice were lesion-free at the same age. Further investigation revealed that plasma malondialdehyde levels in Ͼ15-month-old LPL-deficient mice were significantly higher than those of heterozygous and wild-type mice. Electron spin resonance analysis showed a marked increase in oxidative susceptibility of chylomicrons from the aged LPL-deficient mice. Incubation of chylomicrons from Ͼ15-month-old LPL-deficient mice with cultured human umbilical vein endothelial cells showed significantly increased upregulation of vascular cell adhesion molecule-1 and monocyte chemoattractant protein-1, markers of enhanced endothelial activation, and enhanced adherence of human THP-1 mononuclear cells. These results clearly demonstrate the occurrence of spontaneous atherosclerosis in aged LPL-deficient mice mediated by the oxidation of chylomicrons and the activation of vascular endothelial cells. (Circ Res. 2008;102:250-256.) 
I n recent human studies, hypertriglyceridemia (HTG) has been established as an independent risk factor for atherosclerosis by metaanalysis 1 and confirmed in large-scale epidemiological studies. 2 However, whether severe HTG with massive accumulation of chylomicrons (CMs) and/or very low density lipoprotein (VLDL) in plasma is pro-or nonatherogenic remains controversial. 3 Lipoprotein lipase (LPL) is the rate-limiting enzyme in the hydrolysis of triglycerides in CMs and VLDL in the plasma. This catalytic lipolysis initiates a cascade of lipoprotein particle conversion, including the formation of low density lipoprotein (LDL) and other remnant lipoproteins, and also initiates the remodeling of high density lipoprotein (HDL). LPL deficiency in human patients results in severe HTG with accumulation of CMs, and low levels of LDL and HDL. 4 This type of lipoprotein profile is generally thought to be nonatherogenic because CMs are too large to penetrate into sub-endothelial space of arterial walls. 5 The low HDL level in these patients would be considered as pro-atherogenic, but may not be a crucial factor because its influence may be counteracted by coexistence of extremely low LDL levels which result in markedly reduced atherogenic potential. 6 Therefore, it was generally accepted that the incidence of coronary artery disease (CAD) in LPL deficient patients with severe HTG was low, until Benlian et al reported that all of 4 LPL deficient patients developed angiographically defined atherosclerotic lesions. 7 Subsequent case reports have shown that subjects with LPL deficiency and severe HTG were either associated with significant systemic atherosclerotic lesions or had none at all. 8 -10 This discrepancy in the susceptibility of LPL-deficient severe HTG individuals to atherosclerosis was partially explained by the presence or absence of noncatalytic LPL protein. Noncatalytic LPL can act as a molecular bridge between proteoglycans and different lipoprotein receptors to facilitate lipoprotein uptake by cells such as macrophages. 11 Therefore, macrophage secretion of LPL, even though catalytically inactive, might enhance foam cell formation through increased uptake of atherogenic lipoproteins. However, in these case reports noted above, it was impossible to control for genetic heterogenicity, dietary habit and lifestyle, all of which might significantly affect the development of atherosclerosis.
Several animal models of severe HTG have been generated. These include genetically manipulated mice and mammals other than rodents. Two mouse models, human apolipoprotein (apo)CI and apoCIII transgenic mice on apoE-null background, exhibit severe HTG with nearly two-fold increased levels of cholesterol (Ch) than apoE-deficient mice. 12, 13 However, significantly more atherosclerotic lesions were found in apoCI transgenic apoE-null mice, as compared with apoE-null mice, whereas apoCIII transgenic apoE-null mice only showed lesions similar to apoE-null mice. Ob/Ob mice with a mutation in the leptin gene crossed with LDL receptor-null mice also presented unexpected severe HTG and hypercholesterolemia with more atherosclerotic lesions than either of the mutant mouse strains alone. 14 Whereas alloxan-induced diabetic rabbits fed high-Ch diet developed severe HTG, the atherosclerotic lesions in these rabbits were significantly reduced in the course of 3 months of observation, compared with the nondiabetic rabbits fed high-Ch diet. 15 Atherogenesis has not been studied in LPL gene mutated cats and minks, both of which have severe HTG. 16, 17 Unlike human LPL deficiency, which is characterized by a marked reduction in plasma LDL and HDL, animal models of severe HTG have less dramatic changes in LDL and HDL.
We used a mouse model of LPL deficiency 18 to investigate the association between atherogenesis and severe HTG. LPL deficiency in mice is normally lethal in neonates. We have rescued homozygous LPL-deficient mice through adenovirus-mediated gene transfer at birth. 18, 19 In addition to massive accumulation of CMs in plasma, these mice display strikingly reduced plasma HDL and LDL. Moreover, these mice have a normal life span, which allowed us to follow the natural development of atherosclerosis without additional environmental manipulations and particularly without the use of a high fat atherogenic diet.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org. LPLdeficient mice were rescued by intramuscular administration of an adenoviral vector coding a human LPL mutant. In all experiments, both male and female mice in different age groups were used in approximately equal ratios. Sections of aortic root were stained with oil red O and quantified and were also stained for macrophages, vascular cell adhesion molecule (VCAM)-1, and ␣-actin with corresponding antibodies. Ch was stained with filipin. CM was isolated for determination of oxidation by electron spin resonance and for evaluation of adhesion of macrophages to endothelial cells. Expression of MCP-1 and VCAM-1 in endothelial cells was detected by real-time RT-PCR. Plasma lipids, malondialdehyde (MDA), and LPL activity were assayed by conventional methods. The results are expressed as meansϮSD. Statistical significance was determined by analysis of the variance (ANOVA), and probability values Ͻ0.05 were regarded as significant.
Results

Loss of LPL Activity Causes Significant Dyslipidemia in LPL-Deficient Mice
LPL activity in PHP of adult LPL deficient animals was almost undetectable (Ͻ7% of normal) (Table) . LPL heterozygous mice showed a trend toward reduced LPL activity compared with wild-type mice. Plasma TGs and TC levels in LPL deficient (LPL Ϫ/Ϫ ) mice were significantly higher than LPL heterozygous and wild-type mice (Table) .There was no significant difference in TG and TC levels between LPL heterozygous and wild-type mice, although TG levels of LPL heterozygous mice were slightly higher than those of wildtype mice. HDL-Ch levels were markedly decreased in LPL-deficient mice to only 1Ϯ2 mg/dL (0% to 2% of normal levels).
Evidence of Atherosclerotic Lesions in the Aortic Sinuses of Aged LPL-Deficient Mice
Atherosclerotic lesions were found in the aortic sinuses of Ͼ15-month-old LPL-deficient mice regardless of sex ( Figure  1A ). LPL-deficient mice had fatty streaks that consisted of foam cells. Quantitative analysis of atherosclerosis was per- 
Mice were fed the chow diet for 4 and Ͼ15 months. Values are expressed as meansϮSD. The no. of animals in each group is indicated by n. *PϽ0.01, ‡PϽ0.05 for LPL Ϫ/Ϫ mice compared with the LPL ϩ/ϩ mice; †PϽ0.05 for comparison with LPL ϩ/Ϫ mice. NA indicates not available.
formed by measuring the extent of oil red O staining of cryosections from the aortic sinuses. The mean lesion area (m 2 ϮSD) was 4.43Ϯ2.74ϫ10 4 ( Figure 1B ). In contrast, both LPL heterozygous and wild-type mice of similar age had no detectable lesions in the aortic sinuses. The oil red O-positive en face lesions were found in the aortic arches and thoracic aortas in aged LPL-deficient mice, especially in the brachiocephalic trunk arteries ( Figure 1C ). In addition, the intima of aged LPL-deficient mice was markedly thicker than heterozygous and wild-type mice of the same age. Immunohistochemical staining of the aged LPL-deficient mice with macrophage-specific antibodies identified foam cells derived from macrophages as the major cell type present in the aortic root lesions (Figure 2 , third column). Mac-3-positive area was 33.5Ϯ5.9% more than total lesion area by morphometric quantification. Filipin staining indicated that the lipid components were mainly composed of Ch (Figure 2 , second column), even though the plasma TG levels were extremely high in LPL-deficient mice. VCAM-1, the marker for endothelial activation, was also expressed strongly on the endothelium of the aged LPL-deficient mice (Figure 2 , fourth column), whereas in wild-type and heterozygous mice, neither Mac-3 nor VCAM staining was discernable in aortic sinus. However, the aortic lesions in LPL-deficient mice did not contain much smooth muscle cells as stained by anti-␣actin antibody (Figure 2 , fifth column), indicating the lesions were not in advanced stage. In the LPL-deficient mice, mild to moderate lipid deposition was found in the liver, kidney, and spleen at 4 months of age (data not shown).
Increased Plasma MDA Levels in LPL-Deficient Mice
Because of massive accumulation of TG-rich CMs in plasma, which may result in oxidative modification of lipid moieties in CMs, we measured plasma MDA levels. It was found that plasma MDA levels in LPL-deficient mice were significantly higher than those of heterozygous and wild-type mice in both young and aged animals (PϽ0.01, Figure 3 ). This indicated that oxidative damage in LPL-deficient mice was more severe compared with heterozygous and wild-type mice. Though plasma MDA levels of heterozygous and wild-type mice did not change significantly with age there was significant increase in MDA levels between young and aged LPL-deficient mice (12.8Ϯ1.2 versus 21.3Ϯ4.2 mmol/ mL; PϽ0.01). 
Elevated Oxidative Susceptibility of CMs in Aged LPL-Deficient Mice
The recordings of electron spin resonance spectra showed dramatically different patterns of CMs from young and aged LPL-deficient mice ( Figure 4A ). Quantitation of height of the first peak in electron spin resonance recordings demonstrated clearly that the electron spin resonance signal intensity of the 5-dimethyl-1-pyrroline N-oxide (DMPO-OH) adduct from CMs of aged LPL-deficient mice was increased Ϸ8 times when compared with that from CMs of young mice, which indicated that CMs from aged LPL-deficient mice were more susceptible to oxidation than those from younger mice ( Figure 4B ).
Enhanced Monocyte Adhesion to HUVECs and Upregulation of Adhesion Molecule Expression in HUVECs by CMs From Aged Mice
Expression of adhesion molecules is a hallmark of endothelial cell activation and of early atherosclerosis. To investigate whether CMs from aged mice, which underwent extensive oxidation, promote mononuclear cell adhesion to endothelial cells, in vitro cultured human umbilical vein endothelial cell (HUVECs) were incubated with CMs from aged and young LPL-deficient mice to mimic in vivo environment. Stimulation with CMs (TGϭ150 mg/dL) from aged mice produced an Ϸ2.2-fold increase in adhesion of THP-1 cells to HUVEC monolayers compared with the CMs from young mice (Figure 5) . Rat mesenteric CMs diluted to TG levels at 150 mg/dL as negative control had similar effect as CMs from young mice ( Figure I in the online data supplement). As other controls, human native LDL (Chϭ20 mg/dL) did not alter adhesion of THP1 to HUVEC cells, whereas oxidized LDL and lipoprotein remnant from apoE Ϫ/Ϫ mice at similar concentration of Ch greatly enhanced the macrophage adhesion to HUVEC (supplemental Figure I) . At the same time, we examined the effect of CMs on expression of VCAM-1 and MCP-1 in HUVECs. Treatment of HUVECs with CMs from aged mice resulted in a significant increase in the cell-surface expression of VCAM-1 and MCP-1, compared with CMs from young mice ( Figure 6 ). These findings collectively demonstrated that CMs from aged mice potently promoted production of chemotactic cytokines and adhesion of mononuclear cells to HUVECs, suggesting that these CMs might increase vascular inflammation.
Discussion
In the present study, we show that LPL-deficient mice with severe HTG develop distinct atherosclerotic lesions of fatty streak, composed of mainly Ch, at the aortic root at Ͼ15 months of age on a regular chow diet, whereas wild-type and heterozygous LPL-deficient mice without severe HTG at the same age were virtually lesion-free over the entire aorta.
Mice are well known as species resistant to atherosclerosis, although susceptible strains, such as C57B6, will form aortic lesions when fed a custom-designed high-Ch diet, as described by Paigen et al. 20 On the other hand, there are genetically modified mouse models with hypercholesterolemia, which develop spontaneous atherosclerosis. For example, atherosclerotic lesions occurred as early as 3 months of age in apoE-deficient mice on a normal rodent chow diet. 21 LDL receptor gene inactivated mice also spontaneously develop minute but discernable aortic lesions at age of 6 months. 22 Over such genetic backgrounds, the role of numerous genes in atherogenesis have been assessed by transgenic addition or knockout subtraction. 23 It is worth noting that transgenic expression of apo(a) alone also resulted in significant aortic lesions in mice maintained on a low-fat diet for 66 weeks, 24 providing direct evidence for a causal relationship between apo(a) and atherosclerosis.
In an earlier study, we reported that the majority of plasma lipoproteins in LPL-deficient severe HTG mice were TG-rich large lipoproteins, namely CM-and VLDL-like particles, whereas HDL remained markedly reduced in these mice. 25 Although reduced HDL has long been recognized as a major risk factor for CAD in humans, extremely low HDL-Ch was not associated with increased susceptibility to atherosclerosis in mice. 26 Therefore, in seeking a mechanism responsible for such spontaneous atherosclerosis in aged severe HTG mice, we hypothesized that although the massive accumulation of large TG-rich lipoproteins could not cross through the arterial wall and be retained in the subendothelial space, they may instead directly damage arterial endothelial cells, which would result in initiation of atherogenesis. In support of this hypothesis, these experiments have shown that CMs from the aged HTG mice had a stronger effect on upregulation of MCP-1 and VCAM-1 expression in cultured endothelial cells than CMs from younger mice. MCP-1 and VCAM-1 are generally regarded as sensitive markers for endothelial activation and early atherogenesis because of their role in recruitment of macrophages to arterial walls. 27 Furthermore, in a functional assay for macrophage adhesion, more macrophages were adhered to cultured endothelial cells in the presence of CMs from aged mice, compared with those from younger mice. After finding that oxidation indicator MDA levels were significantly increased in aged mice, electron paramagnetic resonance analysis further revealed strikingly 8-fold increase in oxidative susceptibility in CMs from aged mice, compared with those from young mice.
Our findings contradict 2 previous studies in diabetic Ch-fed rabbits 28 and apoC-III transgenic mice on apoEdeficient background, 12 which demonstrated that the large lipoprotein particles present in severe HTG were nonatherogenic. In fact, a similar conclusion could also be made from this study, if hypercholesterolemic apoE-deficient mice were chosen for comparison. Because well documented, apoEdeficient mice exhibited high levels of Ch similar to LPLdeficient severe HTG mice, but these mice showed much lower plasma TG levels and pronounced atherosclerotic lesions. The lesion size in LPL-deficient severe HTG mice at age Ͼ15 months, however, was even smaller than that of apoE-deficient mice at age of 3 months (performed in our laboratory in other experiments). These results suggest that large TG-rich particles such as CMs and VLDL may be less atherogenic than those of small Ch-rich particles (remnant lipoproteins) in mice.
The findings of the present study also need to be reconciled with the well-accepted understanding that arterial wall LPL plays a proatherogenic role. In fact, other work done recently by our laboratory did document a proatherogenic effect by overexpression of either active or inactive LPL in both endothelial intact and damaged carotid arteries in rabbits and in mice. 29, 30 A likely explanation is that although lack of LPL at the arterial wall per se is associated with low potential of atherogenesis this lack of LPL may not provide complete protection against atherosclerosis when oxidized atherogenic lipoproteins are present in the plasma at high levels. Even though CMs are well documented to be nonatherogenic lipoproteins, they may be modified oxidatively, as documented in this study, and show atherogenic potential through activation of endothelial cells to a certain extent, when present at high concentrations over a long period of time. Further verification of this hypothesis could be made by assessment of lesion formation in LPL-deficient mice crossed with either apoE or LDL-R deficient mice. With such double mutant mice, we believe that it is unlikely that lack of LPL at arterial wall will be found to provide complete protection against atherosclerosis.
Therefore, considering the spontaneous nature of atherogenesis in aged LPL-deficient HTG mice it can be concluded that the large TG-rich lipoprotein particles are atherogenic, although they are not as potent as the Ch-rich lipoprotein particles in apoE-deficient mice. However, it should be also noted that these large TG-rich particles in aged LPL-deficient mice may not be identical to CMs in humans because over a long period of time, these particles are modified in certain ways, becoming remnant-like particles and atherogenic. Hence, whether TG-rich particles, which are similar to native human CMs or VLDL, are atherogenic is still unanswered.
To further expand our understandings of the atherogenic nature of large TG-rich lipoprotein in the humans, appropriate comparison among severe HTG, severe hypercholesterolemia, and normal subjects should be performed with more sensitive methodologies to detect minute changes in the atherosclerotic lesions. Following such comparison, a careful evaluation of the risk of severe HTG in atherogenesis could then be made, so as to develop proper clinical direction for better control of the disorder.
